To estimate lithium-ion battery SoC accurately, a lithium-ion battery electrochemical model is adopted in this paper. Firstly, the electrochemical model is reasonable order-reduced to an average-electrode model (AEM). Secondly, sliding-mode observer (SMO) with a uniform reaching law (URL) combined with AEM is developed to estimate SoC of lithium-ion cell from external measured voltage and current value. An estimation scheme is designed. The observer estimates the SoC by using lithium-ion solid-electrolyte concentration. To demonstrate the performance of the proposed scheme, the simulations are verified by experiments from a 2.3Ah high-power LiFePO4/graphit e cell used in electric vehicles (EVs). The results show that the proposed estimation scheme with the SMO-URL algorithm performs well with initial error values. The maximum S oC estimation errors are less than 2% under Hybrid Pulse Power Characteristic (HPPC) Test.
Introduction
So far, lithium-ion batteries have become potential power sources for electric vehicles (EVs) with the traffic electrification [1] . The real-time and accurate monitoring of lithium-ion battery condition is of great significance for the safe and reliable operation of EVs. Therefore, it is necessary to manage the batteries through the on-board battery management system (BMS) in EVs. The main function of a BMS is to identify battery physical parameters and estimates battery status in real time [2] .Unfortunately, the main difficulties in estimating battery SoC is the weak observability and intricate electrochemical reactions in EV application [3] . Some battery SoC estimation approaches have been reported in recent literatures [4, 5] . This paper attempts to study the SoC estimation for lithium-ion cells.
In this paper, we obtained an average-electrode model (AEM) by reducing the dimension of a pseudo 2D (P 2D) model and verified it. Furthermore, we analyzed the state space of the AEM. Then, we designed a SoC estimation scheme by applying slidingmode observer (SMO) with an uniform reaching law (URL), where the SoC is calculated according to lithium-ion solid-electrolyte spatial conc entrations. Next, schematic diagram for the offline identification of the battery SoC estimation is developed in this paper. Finally, for validation of the proposed obs erver scheme design, the simulation schedule is designed and carried out with the Hybrid Pulse Power Characteristic (HPPC) test.
Lithium-ion cell electrochemical model

Average-electrode model (AEM)
Although the electrochemical model can sufficiently describe the electrochemical reactions occurring in the battery, the model contains a large number of PDEs and model parameters and consequently demands excessive comput ational resources. Therefore, it needs to be simplified and reduced in order. First, the uneven spatial distribution of the Li-ion concentration in the solid phase of the electrode is ignored. The actual concentration value is replaced with the volumeaveraged concentration. Additionally, it is assumed that the Li-ion concentration in the electrolyte is evenly distributed in space, and t he actual concent ration value is replac ed with the volume-averaged concentration in the electrolyte. Finally, the c urrent density is assumed to be uniform in each electrode and the actual value is replaced with a constant value equal to the average current density. Hence, a reduced model called an AEM is obtained, which is applied here for estimator design. Mathematically, the AEM consists of two linear solid-state diffusion P DEs for each electrode's concentration dynamics (1) , in which the input current is represent ed by Neumann boundary conditions and a nonlinear out put volt age function of the state values at the boundary (3) , and the input current is deduced from Bulter-Volmer kinetics.
The details of the AEM are given as follows. 
The initial conditions (2) and Neumann boundary conditions (3) are introduced: 
where R is the universal gas constant;
T 
Model verification
To validate the propos ed AEM, an experiment is carried out. A LiFePO4/graphite battery was chosen for this experiment, which is shown in Figure. 2. The battery was charged and discharged at a rat e of C/2 between upper and lower voltage limits of 3.6 and 2.9 V at an ambient temperature of 25°C. Here, the experiment and the simulation are abbreviated as Exp and Sim, respectively. Figure. 2 compares the volt age responses bet ween the AEM and experiment with 0.5C constant current charge/discharge proc ess at 25 ℃ ambient temperature. It can be seen from Figure. 2 that the maximum error of AEM is only 28 mV. Furthermore, the simulated voltage responses match the experimental results very well for the charging process within the mid-SoC operating range. Therefore, the AEM can be potential candidate employed for accurate SoC estimation in BMSs for EVs. 
Observer scheme design
State the objectives of the work and provide an adequate background, avoiding a detailed literat ure survey or a summary of the results.
Taking AEM as an example, it is necessary to observe the lithium ion concentration on the surface of positive and negative electrodes, and the internal resistance of the battery when performing SOC/SOH joint estimation. The error between the obser ved value and the actual value of the sliding observer is taken as the switching function S [6, 7] . There are two "modes" in the synovium. One is called the approach mode, and the error vector is close to the step size of the synovial surface. The other is the synovium, the error vector constantly "sliding" on t he synovial surface until it reaches the equilibrium point (0, 0) [8] . After the synovial surface is determined, the next step is to select the control rate to guide the error vector in the approach mode to the switching surface. To ac hieve this, the control rate bas ed on the approaching condition is designed as SS  <0. To satisfy the conditions of this formula, it is necessary to design a corresponding constant velocity approach law, which is shown in Figure 3 .
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Simulation analysis
To evaluate the Lithium-ion cell characters for hybrid electric vehicle (HEV ) application, a HPPC test procedure is adopted in our work. The HPP C test is defined in the battery test manual [20] and is the foundation of the power battery characteristic evaluation and model parameter identification, which achieves good results in offline parameter identification. In order to obtain a more comprehensive dynamic battery polarization characteristic, a HPPC test comprising multiple sets of different rate of constant current was conducted. The results are shown in Figure. Figure. 4(b) that this method quickly approaches the measured voltage value within 40 seconds and tends to steady state subsequently. Therefore, it can be concluded that the AEM proposed in this paper is effective for modeling the battery dynamic characteristics with incorrect SOC initial value under HPPC operating conditions. Figure. 
Conclusions
This paper derives a AEM from a Lithium-ion electrochemical P2D model for the purpose of better application in EVs. An AEM is proposed to model the LiFePO4/graphit e battery cell by ignoring the spatial distribution inhomogeneity of local volumetric trans fer current density and the Lit hium-ion concentration in solid-phase electrode and electrolyte. Furthermore, a SoC estimation approach of the SMP is developed by adopting a SMO-E RL algorithm. To verify the proposed SoC obs erver scheme design, the simulation schedule is designed and carried out with HPP C test. The results are validat ed by experimental data. The proposed SMO-ERL based SoC estimation method shows good performance in the accurate prediction of the terminal voltage and model parameters. The maximum S oC estimation error can converge to 1% under the erroneous SoC initial value. Although the AEM exhibits less accuracy than the empirical model, it is an attractive candidate for application in EVs within an acceptable error range for its less computational load. 
